ABSTRACT
Introduction
At the heart of embryogenesis lies an extensively complex list of cues which drive the cohesive formation of organized tissue 1 . Efforts to elucidate these governing mechanisms have resulted in identifying two key proponents in development: differentiation and cellular organization. Differentiation is ultimately controlled through highly regulated transcriptional activity 2 . On the other hand, explaining the mechanisms of cellular organization has required the examination of the mechanisms that impact cell-cell and cell-substrate interactions. It is for this reason that Steinberg et al. [3] [4] [5] proposed the differential adhesion hypothesis (DAH), which suggests that morphogenetic sorting forms through tissue interfacial free energies arising from cellular adhesive interactions 6 . In other words, cells possess cellular adhesion molecules (CAMs) known as integrins and cadherins, responsible for cell-substrate and cell-cell binding, respectively. Depending on the cell type and cellular event, different configurations of CAMs will be present on the surface of the cell. These configurations lead to relative intensities of intercellular adhesion, which serve as a set of morphological determinants creating highly organized cellular patterns through passive or active motility. The physical phenomenon of adopting the lowest free energy configuration was originally shown in a study whereby amphibian embryonic cells were disassociated, mixed, and subsequently allowed to re-associate.
The outcome showed a spherical reformation with cells that re-aggregated into their embryonic position 4 . More recent studies have shown similar examples of the influential effects of differential cell to cell vs cell to substrate adhesion. Mouse embryonic stem cells were seeded into channelled topographies whereby after 48hrs, the cells demonstrated preferential cell-cell adhesion and formed spherical embryoid bodies rather than flat island-like aggregates commonly seen in flat two dimensional culture vessels 7 .
Despite the clear multicellular environment of native tissue, co-cultured systems, whereby multiple cell types are cultured together in vitro, have primarily focused on analyzing changes in gene expression [8] [9] [10] [11] . For example, some progress has been made at characterising the relationship between carcinoma and stromal cells as cell-cell communication has been considered to play an important role in triggering cancerogenesis [12] [13] [14] . Many of these coculture systems however prefer a paracrine-only interaction by utilizing separated adherable membranes 8 . Although this method elucidates potential biochemical influences, it prevents any physical cell-cell interaction from occurring. 
Parallel Plate Flow Assay
A polydimethylsiloxane (PDMS) microfluidic flow chamber, 1000 mm in width, 160 µm in height and 20 mm long, was produced using standard microfabrication techniques. Liquidstate 1:10 ratio PDMS was poured on the master and cured for 2 hours at 70°C. Inlets and outlets, 0.75 mm in diameter, were punched at both ends of the chamber. The PDMS layer was bonded to a standard glass microscope slide after being plasma treatment (50 W for 30 sec),
creating an enclosed channel. The entire chamber was submerged in media and cells were then pipetted at a seeding density of ~4 million/ml each. Cells were cultured inside the chamber overnight. Y-27632 (10 μM) was added to the cells prior to seeding so as to expose the cells until the flow assay. The cells were exposed to an average flow of 1μl/s, for 30 min, which corresponded to a shear stress at the wall of the chamber of 2 Dyne/cm 2 [42] . The flow rate was then increased to 13 μl/s (30 Dyne/cm 2 ) for an additional 15 min. Images were captured every 5 minutes from the same region of interest before, during and after exposure to shear stress.
Image and statistical analysis
A Kolmogorov-Smirnoff (K-S) test was performed for each study case in order to determine if they exhibited patterned formation. Analysis consisted of partitioning the image samples into 100 quadrats, whereby the number of each cell type per quadrat was recorded and the corresponding cumulative distribution function was calculated 18 . The absolute maximum difference D compares !"# and the cumulative distribution function of a Poisson distribution
Each D was computed independently for epithelial cells (type 1) and fibroblast cells (type 2) in the in vitro experiments and simulation model. For a value of D above 0.195, we rejected the null hypothesis of a random distribution at a 99.9% confidence threshold, and concluded that the cells exhibit a patterning. For a D value below 0.136 (corresponding to the 95% confidence threshold), we concluded that the cells were randomly distributed. All statistical analyses were carried out using ImageJ. In addition to the K-S distribution test, we quantified the phase separation of the two cell types in the computational simulation.
Kinetic Lattice Monte Carlo Simulations
Through Cells may only move to a first nearest-neighbor free lattice site 21 (corresponding to a lattice site being occupied by cell media), such that two cells cannot simultaneously occupy the same site. However, cell motion can only be accepted if the moving cell remains in the vicinity of either another cell or the substrate (vicinity is defined as being a first-or a second -nearest neighbor); in other words, cells are not allowed to swim freely in solution.
Cells of type i, where i=1,2, can form bonds with cells of the same type (homotypic binding energy: !! ) or of the other type (heterotypic bond energy: !" with i≠j). We also account for the interactions between the cells and the substrate (substrate binding energies: !" ) and we set the interaction energy with the surrounding media at zero 22 . Moreover, one does not treat the substrate energy since it has no internal degree of freedom. For each cell i, we define an energy barrier to be overcome to complete a move, ! = !! !! + !! !! + !" !" , where !" (j = 1,2) are the number of first neighbors of each type. Given this energy barrier, each cell is assigned a transition rate given by
which only depends on the initial energy configuration, a constant attempt frequency ω 0 and the typical energy of biological fluctuations ! 23 . The latter characterizes cell motility driven by cytoskeleton motion ( ! is equivalent, from a thermodynamic perspective, to the thermal energy ! ). As defined by [3] , the transition rates allow to reach the equilibrium state which corresponds to a configuration with a minimum surface/interface energy 24, 25 . can form homotypic 3D clusters on the substrate and over the MDCKs. This condition suggests that the binding energies have to be chosen to verify that
KMC parameters
To simulate the effect of the Rock inhibition, we used the untreated parameters as a set baseline and lowered !! to replicate the inhibitory effects of Y-27632. Finally, to be consistent with the DAH whereas phase separation is expected between cell type with non-equal binding energies,
. Numerical values are shown in Table 1 . (Fig 1b) . These results are in contrast to NIH3T3 and MDCK cells cultured in isolation in which they formed a mesh-like network or a monolayer, respectively, as has been long established and observed 26 ( Supp Fig 1) .
In order to quantify and assess this visual cell patterning (Fig 1c) , a Kolmogorov- Fig 1c) .
Cell substrate binding affinity in cocultured cells
Based on these results, we hypothesized that Y-27632 treated cells underwent inhibition of cell-substrate adhesion leading to increased aggregation and phase separation. To test this hypothesis, we performed a flow assay 27 with a cocultured system confined within a microchannel (Fig 2 a, 
Simulating Patterned Adhesion
It has been well established that different cell types express their own combinations of cell adhesion molecules (CAMs) 28, 29 . Through specific integrin isoforms and cadherin binding, differential adhesion energies can form complex cell patterning [30] [31] [32] . To assess whether the experimentally observed phenomenon of cell phase separation between NIH3T3s and MDCKs is achievable through differential adhesions alone, we developed a computer simulation model. Our
Kinetic Monte Carlo simulation utilizes properly chosen binding energies between cells ( !! , !" , !! ) and substrate ( !!, !! ) to model the various interactions taking place during cell migration (Table 1 ). This simulation is not meant to fully represent the biological complexities present in vitro, but to ascertain whether the phase separation observed in vitro can be obtained through purely physical interactions. When simulating co-cultures on flat two dimensional topographies the results display the same phase separation phenomenon to cells cultured in vitro (Fig 3A) . Simulated co-cultures with the chosen NIH3T3 (ε 11 =1.05, ε 1s =0.5) and MDCK (ε 22 =4, ε 2s =5), (ε 12 =1.5) energy parameters were found to replicate the in vitro observations. NIH3T3 (Fig 3a) . To compensate for the simulation model not taking into account cell duplication, we performed the same set of experiments with the addition of thymidine (2mM). As a deoxynucleoside, thymidine causes cell cycle arrest and is often utilized for cell synchronization 33 . Supplementary Fig 2a demonstrates that co-cultured cells under cell cycle arrest display the same patterning effect shown in mitotically active cells. KS test (Supplementary Fig 2b) 
Discussion
Although identified as the inherent governing mechanisms for cell patterning 5, 31, [34] [35] [36] , the differential adhesion and the morphogen gradient models remain experimentally bifurcated.
Experiments focusing on cocultured systems have rarely permitted cells to not only biologically interact but to physically interact as well. In this study, we utilize a simple co-culturing strategy with cell types expressing different cadherin subtypes to examine cell patterning formation.
To investigate this phenomenon, we cocultured NIH3T3 fibroblasts and MDCK epithelial cells onto two dimensional flat topographies. After 48hrs incubation, the initial melange of cells had undergone a distinct cell phase separation creating a two-layered system. The first layer was a well dispersed epithelial monolayer of MDCKs. The second layer, on the other hand, was a complex structure of aggregated NIH3T3s throughout the system. As can be seen in Fig 1a, this aggregating behaviour is unlike their normal growth pattern ( Supplementary Fig 1b) , which usually forms large meshes consistent with connective tissue. The morphology and behaviour of MDCK cells however appears unaffected in coculture. To further simplify the patterning system from the dynamic biological complexities presented by cell proliferation, we plated a high density 1:1 mixture of cells types with the addition of a mitosis inhibitor. Mitosis inhibited cocultures ( Supplementary Fig. 2 ) demonstrate the exact same cell patterning which suggests that this phase separation does not evolve from cell division. To further investigate the potential influence of biological mechanisms in this phase separation phenomenon, we performed a set of cytoskeleton inhibition experiments. Preventing myosin II contraction which has been shown to be a key protein in migration and tissue architecture demonstrated a slight change in altered patterning behaviour however this was not statistically significant (p>0.05). The same is true for when inhibiting de novo forming actin polymerization. Two hypotheses can be inferred from these results. First, the spontaneous patterning observed in coculture is not actively guided via migration, as this would require a properly functioning cytoskeleton. Studies have shown how exposure to Blebbistatin and SMIFH2 causes substantially decreased migration in addition to lowering focal adhesion turnover [37] [38] [39] . Secondly, although inhibition of actin contraction and polymerization did occur through myosin II and formin, compensatory mechanisms mitigated the overall effects on cell organization. Cross-talk between effector pathways and feedback inhibition is ubiquitous in normal signal transduction. When signaling is blocked, regulatory loops can up-regulate parallel pathways to compensate, permitting the cellular response to be dynamic and adaptive 40 . It is for this reason that the statistically different results observed with Y-27632 inhibition are highly revealing of the mechanisms at play. Rock is a high level pleotropic regulator of multiple signalling pathways mediating cytoskeleton reorganization 41 , stress fiber formation 42 , cell contraction and cell polarization 43 . Its inhibition results in a widespread downregulation of the various direct and indirect pathways regulating the cytoskeleton 43 . The increase in cell patterning suggests that cytoskeletal involvement is unlikely and that some other governing mechanism is driving the observed effect.
It has been established that Rock is involved in the maturation of focal adhesions (FA).
These FA are multiprotein complexes serving as transmembrane links between the extracellular matrix and the actin cytoskeleton. During the initial stages of adhesion, FA maturation involves a sequential cascade of compositional changes 44 . Rock, on the other hand, promotes FA maturation through tension induced conformational changes 45 . This conformation change allows the Rock has also been shown to be intimately involved in the regulation of cadherin ligation in epithelial cells 46 . As an epithelial cell line, MDCKs possess the E-cadherin superfamily of cellular adhesion molecules. These transmembrane glycoproteins mediate specific cell-cell adhesion, functioning as key molecules in the morphogenesis of a variety of organs 47, 48 . Ecadherins are not passively distributed on the surface of the plasma membrane, but rather localize at cell-cell contacts in response to adhesion. This focalizing mechanism is dependent on functionally linked cytoplasmic regulators, of which Rock is involved 46 . During adhesion, two distinct patterns of cadherin clusters form, fine punctate and larger streak-like macroclusters.
Inhibition of rock activity preferentially abolishes the macroclusters which form the termini for prominent actin bundles which resemble the rapid loss of E-cadherin from cell-cell contacts 49, 50 This is crucial as it has been shown that E-cadherins can heterotypically bind to N-cadherins during epithelio-fibroblast contact but that these links are highly transient 51 . 51 . Based on this, we have simulated a co-cultured system whereby cellular movement is solely driven by differential binding affinities. The result is a two layered system in which there is a distinct partition between cell types (Fig 3) . Cell type 1 (MDCK) are 
